The traditional view is that cancer cells predominately produce ATP by glycolysis, rather than by oxidation of energy-providing substrates. Mitochondrial uncoupling -the continuing reduction of oxygen without ATP synthesis -has recently been shown in leukemia cells to circumvent the ability of oxygen to inhibit glycolysis, and may promote the metabolic preference for glycolysis by shifting from pyruvate oxidation to fatty acid oxidation (FAO). Here we have demonstrated that pharmacologic inhibition of FAO with etomoxir or ranolazine inhibited proliferation and sensitized human leukemia cells -cultured alone or on bone marrow stromal cells -to apoptosis induction by ABT-737, a molecule that releases proapoptotic Bcl-2 proteins such as Bak from antiapoptotic family members. Likewise, treatment with the fatty acid synthase/lipolysis inhibitor orlistat also sensitized leukemia cells to ABT-737, which supports the notion that fatty acids promote cell survival. Mechanistically, we generated evidence suggesting that FAO regulates the activity of Bakdependent mitochondrial permeability transition. Importantly, etomoxir decreased the number of quiescent leukemia progenitor cells in approximately 50% of primary human acute myeloid leukemia samples and, when combined with either ABT-737 or cytosine arabinoside, provided substantial therapeutic benefit in a murine model of leukemia. The results support the concept of FAO inhibitors as a therapeutic strategy in hematological malignancies.
Introduction
More than half a century ago, Otto Warburg proposed that the origin of cancer cells was closely linked to a permanent respiratory defect that circumvents the Pasteur effect, i.e., the inhibition of anaerobic fermentation by oxygen (1) . However, we have recently demonstrated that in leukemia cells, mitochondrial uncoupling - the continuing reduction of oxygen without the synthesis of ATP - could mimic the Warburg effect in the absence of permanent, transmissible alterations to the oxidative capacity of cells (2) . This metabolic pattern was observed when leukemia cells were cultured on feeder layers of bone marrow-derived mesenchymal stromal cells (MSCs). MSCs have previously been reported to support both normal and malignant hematopoiesis (reviewed in refs. [3] [4] [5] and have become an important component in the in vitro modeling of the bone marrow microenvironment. Leukemia cells cultured on MSC feeder layers demonstrated increased lactate generation, and, most curiously, decreased mitochondrial membrane potential in the presence of a transient (6-8 hour) increase in oxygen consumption. Additionally, this uncoupled phenotype appeared to be associated with the antiapoptotic effect of MSC feeder layers, and we hypothesized a shift away from the complete oxidation of glucose. This concept has already been alluded to by Lynen (6) , and by Ronzoni and Ehrenfest in experiments using the prototypical protonophore 2,4-dinitrophenol, and suggests a metabolic shift to fatty acid oxidation (FAO) rather than pyruvate oxidation (2, 7) . Although increased FAO has been shown to promote chemoresistance (8) , to our knowledge, the therapeutic value of modulating this metabolic pathway in leukemia has not previously been investigated.
In light of this, one also must consider pyruvate (derived from glycolysis) and/or α-ketoglutarate (derived from glutaminolysis) as anaplerotic substrates for efficient Krebs cycle use of fatty acidderived acetyl CoA (9) , suggesting the possibility that in certain cell types, high rates of aerobic glycolysis and/or glutaminolysis may promote efficient FAO (i.e., fats burn in the fire of carbohydrates; ref. 10) . Additionally, it has been reported that in glioma cells, approximately 60% of carbon skeletons from glucose are used for de novo fatty acid synthesis (FAS), which suggests that glycolysis may also be supporting FAO by contributing to the fatty acid pool. Figure 1A illustrates some of the relevant metabolic pathways that interact with the Krebs cycle, including the suggested role of uncoupling protein-2 (UCP2) in facilitating glutamine oxidation (11) . The above observations suggest that, far from indicating a defect in mitochondrial respiration, the Warburg effect may in fact include a scenario in which high rates of aerobic glycolysis are necessary to support the mitochondrial metabolism of fatty acids.
Pharmacologic inhibition of FAO with etomoxir (EX), which inhibits the entry of fatty acids into the mitochondria by blocking the activity of carnitine palmitoyl transferase 1 (CPT1), has yielded therapeutic benefits for the treatment of heart failure by shifting the failing heart's energy supply from fatty acids to the energetically more efficient pyruvate (reviewed in ref. 12) . It is thus intriguing to contemplate the possibility that, like dichloroacetate, which activates pyruvate dehydrogenase (13) , EX would be cytotoxic to cancer cells by promoting the mitochondrial oxidation of pyruvate.
Conversely, pharmacologic inhibition of FAO results in increased nonoxidative fatty acid metabolism, including the generation of ceramide (14) , and potentiation of 2-deoxyglucose cytotoxicity (15) , which suggests that FAO inhibition may decrease cell survival in the absence of increased pyruvate oxidation or decreased Krebs cycle activity. Furthermore, the truncated form of the proapoptotic Bcl-2 family member Bid (t-Bid) directly inhibits CPT1 activity, an effect antagonized by Bcl-2 overexpression (16) , and CPT1 has been reported to associate with Bcl-2 (17) , suggesting that the entry of fatty acids into the mitochondria may be directly linked to the Bcl-2 apoptotic rheostat. Notably, we have recently described that antagonism of Bcl-2 using ABT-737, a BH3 mimetic that disrupts the sequestration of Bax, Bak, and other proapoptotic Bcl-2 proteins by antiapoptotic Bcl-2 family members, induces apoptosis in leukemia cell lines and primary samples (18) . However, to our knowledge, the effect of FAO inhibition on apoptosis induction by Bcl-2 antagonists in leukemia cells has thus far not been investigated.
Here we report that leukemia cells, alone or in coculture with MSCs, displayed uncoupling of fatty acid-dependent oxygen consumption from ATP synthesis and that pharmacological inhibition of FAO decreased proliferation and sensitized leukemia cells to apoptosis induced by ABT-737 and Nutlin 3a. Our results suggest that leukemia cells demonstrate a strong dependence on glycolysis for ATP generation, whereas uncoupled FAO - augmented by MSC coculture, and supported by de novo FAS and lipolysis - opposes the formation of Bak-dependent mitochondrial permeability transition. We also present evidence that the combination of EX with ABT-737 or cytosine arabinoside (Ara-C) provided therapeutic benefit in a murine leukemia model. In addition, we showed that EX decreased the number of quiescent leukemia progenitor cells (QLPs) in peripheral blood or bone marrow samples from acute myeloid leukemia (AML) patients. Our results lend support to the clinical evaluation of FAO inhibitors for the treatment of leukemia and suggest that fatty acid metabolism is intimately linked to leukemia cell apoptosis and proliferation.
Results

Leukemia cells uncouple the oxidation of fatty acids from ATP synthesis.
We have previously shown that mitochondrial uncoupling can promote the Warburg effect in leukemia cells, and hypothesized that this may indicate a shift to FAO (2) . To further test this hypothesis, we first investigated how pharmacological inhibition of FAO with OCI-AML3 and MOLM13 cells were grown alone or on MSC feeder layers as described in Methods, and after MACS depletion of MSCs, 2 × 10 5 leukemia cells/well were treated with increasing concentrations of EX and monitored for oxygen consumption in Oxygen Biosensor plates for 3 hours. (C) OCI-AML3 cells were grown as in B and treated with 2-DG (5.5 and 11 mmol/l) or EX (100 and 200 μmol/l) for 6 hours, and after MACS depletion of MSCs, 2 × 10 5 leukemia cells were lysed, and ATP levels were quantitated as described in Methods. (D) OCI-AML3 and MOLM13 cells were grown alone or on MSC feeder layers and exposed to increasing concentrations of EX for 48 hours. The number of viable cells (Annexin V-negative; tetramethylrhodamine methyl ester-positive) and lactate levels were quantitated as described in Methods; results are expressed as picomoles lactate per viable cell. (E) Leukemia cells were cultured as in B, treated with increasing concentrations of orlistat, and monitored for oxygen consumption in Oxygen Biosensor plates for 3 hours. *P < 0.005, **P < 0.01 versus monocultures; # P < 0.005 versus control.
EX affected oxygen consumption in OCI-AML3 and MOLM13 cells alone or cultured in MSC feeder layers. As shown in Figure 1B , treatment with EX for 3 hours inhibited oxygen consumption in OCI-AML3 and MOLM13 cells cultured alone, and this inhibitory effect was significantly more pronounced (P < 0.01) for all doses of this agent in coculture. These observations suggest that MSC feeder layers increased the dependence of oxygen consumption on FAO in leukemia cells. To investigate the contribution of FAO to energy metabolism in leukemia cells, we treated OCI-AML3 cells cultured alone or on stroma feeder layers with the glycolysis inhibitor 2-deoxyglucose (2-DG) or EX for 6 hours. We found that 2-DG, but not EX, decreased ATP levels in OCI-AML3 cells alone and in coculture ( Figure 1C) . Similar results were observed in MOLM13 cells cultured on MSC feeder layers (data not shown) and in U937 cells in monoculture (Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/JCI38942DS1). Likewise, the piperazine derivative ranolazine - which partially inhibits the terminal enzyme in FAO, 3-ketoacyl CoA thiolase (19) - also abrogated oxygen consumption, but did not decrease ATP levels in OCI-AML3 cells and a primary leukemia sample cultured alone (Supplemental Figure 2) . This result suggests that the observed effects on oxygen consumption are mediated by FAO per se, and not by the entry of fatty acids into the mitochondrial matrix. Taken together, these findings indicate that leukemia cells actively reduce oxygen using electrons derived from FAO, that FAO does not contribute to ATP synthesis, and that MSC coculture augments this metabolic pattern.
Leukemia cells rely on de novo FAS. Because EX has been reported
to increase the oxidation of pyruvate in cardiomyocytes (20) , we next investigated whether EX decreases generation of lactate in OCI-AML3 and MOLM13 cells cultured alone or on MSC feeder layers. Interestingly, after 48 hours of treatment, EX promoted a dose-dependent increase in the accumulation of lactate in the culture medium in cells alone or in coculture ( Figure 1D ), which suggests that in leukemia cells, FAO inhibition does not promote pyruvate oxidation. Although inhibition of FAO does not affect ATP pools, the observed increase in glycolytic activity is likely to be an adaptive mechanism to counteract any decrease in ATP production (Supplemental Figure 3) . A similar effect was observed with ranolazine in OCI-AML3 cells and a primary leukemia sample cultured alone (Supplemental Figure 4) . Of note, OCI-AML3 cells showed minimal metabolism of exogenous oleate compared with MSCs alone and appeared to inhibit oleate metabolism by MSCs (Supplemental Figure 5) . Because leukemia cells have been shown to express fatty acid synthase (21), we investigated the contribution of FAS to oxygen consumption. For this experiment, we cultured OCI-AML3 cells alone or on MSC feeder layers and exposed them to increasing concentrations of the fatty acid synthase/lipase inhibitor orlistat (22) . As shown in Figure 1E , 3 hours of treatment with orlistat decreased oxygen consumption in a dose-dependent manner in OCI-AML3 cells cultured on MSCs, but did not significantly inhibit oxygen consumption in monocultures; however, longer incubations (more than 12 hours) decreased oxygen consumption in OCI-AML3 cells cultured alone (data not shown). The above observations are biologically significant because they suggest that FAS and/or lipolysis support FAO in leukemia cells. Furthermore, 13 C-NMR analysis suggested that OCI-AML3 cells cultured alone - and, to a greater extent, OCI-AML3 cells grown on MSC feeder layers (about 30%-40% more) - incorporated 13 C from [1-13 C]glucose into ω-1, ω-3, and total fatty acids ( Figure 2A ). Taken together, the results illustrate that leukemia cells grown on MSC feeder layers rely on high rates of glycolysis to supply carbon skeletons for de novo FAS, and that de novo FAS and/or lipolysis in turn provides substrates to support FAO.
Pharmacological inhibition of FAO decreases proliferation of leukemia cells cultured on MSC feeder layers. Because the contribution of FAO to the proliferation of leukemia cells on MSC feeder layers had not to our knowledge been investigated before, we exposed OCI-AML3 and MOLM13 cells to increasing concentrations of EX (0, 50, 100, and 200 μM) for 96 hours - alone or cultured on MSC feeder layers - and quantitated the number of viable cells. As shown in Figure 2B , EX markedly decreased the number of viable cells in a dose-dependent manner in both OCI-AML3 and MOLM13 cells grown alone and on MSC feeder layers, with IC 50 values of 64.1, 60.4, 54.6, and 51.4 μmol/l for OCI-AML3, OCI-AML3 on MSCs, MOLM13, and MOLM13 on MSCs, respectively. Notably, EX and ranolazine also inhibited growth of monocultures of U937 cells (p53 mutated; Supplemental Figure 6 ), which suggests that the antiproliferative effects of FAO inhibitors is independent of p53; similar results were seen in HL60 cells (p53 null; data not shown). To investigate the contribution of apoptosis to the observed antileukemic effect, we used flow cytometry to quantitate the externalization of phosphatidyl serine in OCI-AML3 and MOLM13 cells alone or cultured on MSC feeder layers and treated with EX for 96 hours. EX induced apoptosis in a dose-dependent manner ( Figure 2C ), although the EC 50 values were significantly (P < 0.001) higher than those required for the observed antiproliferative effects (145, 123, 115, and 97 μmol/l for OCI-AML3, OCI-AML3 on MSCs, MOLM13, and MOLM13 on MSCs, respectively), which suggests that other growth-inhibitory mechanisms may be at play. Interestingly, the EC 50 values for apoptosis induction by EX indicate a moderate, albeit not statistically significant, decrease in OCI-AML3 and MOLM13 grown on MSC feeder layers, suggesting the possibility that fatty acid metabolism in MSC cocultures Monocultures of leukemia cells were exposed to 100 μmol/l EX alone or in combination with increasing doses of Nutlin 3a for 24 (MOLM13) or 48 (OCI-AML3) hours, and the percent Annexin V-positive cells was quantitated by flow cytometry. *P < 0.001 versus control. (C) OCI-AML3 cells were electroporated with siRNA duplexes targeting CPT1 or scrambled control (SCR) duplexes as described in Methods. At 16 hours after nucleofection, cells were treated with 2 μmol/l ABT-737 or 10 μmol/l Nutlin 3a (N3a) for 24 hours, and apoptosis was analyzed by flow cytometry as described in Methods. *P < 0.01 versus scrambled siRNA. In parallel, the expression of CPT1 and β-actin in untreated SCR and CPT1 siRNA nucleofected cells was quantitated by immunoblotting as described in Methods. (D) OCI-AML3 cells alone or in coculture with MSCs were treated with 10 μM orlistat alone or in combination with increasing doses of ABT-737 for 24 hours, and the percent Annexin V-positive cells was quantitated by flow cytometry. *P < 0.0001 versus control; # P < 0.01 versus monocultures.
may be more associated with cell survival than that in monocultures. Finally, the pan-caspase inhibitor z-VAD-fmk (50 μM) did not diminish apoptosis induced by EX in MOLM13 cells (Supplemental Figure 7 ), with similar results in OCI-AML3 cells (data not shown). These results suggest that caspases are not required for the cytotoxic activity of this agent.
The cytotoxicity of FAO inhibition is independent of ROS or UCP2 activity. Because EX has been reported to induce ROS production (23),
we investigated whether this agent promotes an increase in superoxide levels as measured by dihydroethidine oxidation. EX did not increase superoxide in OCI-AML3 or MOLM13 cells (Supplemental Figure 8 ), which suggests that the cytotoxic effects of EX is independent of ROS. Interestingly, although EX (50-100 μM) completely inhibited 14 CO 2 generation from [1-14 C]-palmitate (data not shown), this agent did not promote marked accumulation of long-chain fatty acyl-CoA species (Supplemental Figure 9) , presumably due to the reported inhibitory effect of EX on lipolysis (24) , which may counteract an increase in free fatty acid pools. Nonetheless, this observation suggests that the growth-inhibitory effects of EX are not mediated by an increase in intracellular long-chain fatty acyl-CoAs. Lastly, because we recently reported that UCP2 and STAT3 are activated in leukemia cells cultured on MSC feeder layers (2, 25), we performed immunoblot analysis to determine whether EX modulates the expression of UCP2 and phosphorylation of STAT3 in OCI-AML3 and MOLM13 cells cultured alone or on MSC feeder layers. Our results revealed that in OCI-AML3 cells, EX dose-dependently decreased the expression of UCP2 in monocultures and inhibited STAT3 phosphorylation and increased UCP2 promoted by MSC feeder layers ( Figure 2D ). In contrast, in MOLM13 cells, EX increased the expression of UCP2 in monocultures and did not affect the expression of UCP2 or phosphorylation of STAT3 induced by MSC feeder layers ( Figure 2D ). Moreover, genetic ablation of UCP2 expression via siRNA methodology did not modulate EX cytotoxicity, and EX enhanced the cytotoxicity of the UCP2 inhibitor genipin (26) in MOLM13 cells, but not OCI-AML3 cells (data not shown). The above results suggest that the antileukemic effects of FAO inhibition are unrelated to the levels and/or activity of UCP2 or the phosphorylation of STAT3.
FAO inhibition sensitizes leukemia cells to apoptosis induction by ABT-737 and Nutlin 3a.
Because metabolic stresses may promote cell death via activation of the proapoptotic Bcl-2 protein Bim (27, 28), we investigated whether inhibition of FAO modulates the expression of this protein in monocultures and MSC cocultures of leukemia cells. Intriguingly, as shown in Figure 2D , MSC coculture resulted or their vector control counterparts were treated with 100 μmol/l EX alone or in combination with 2 μmol/l ABT-737 for 24 hours. Apoptosis was quantitated as described in Methods. Inset shows a representative Western blot of p53 and β-actin from lysates of p53 shRNA and vector shRNA cells treated with 5 μmol/l Nutlin 3a for 6 hours. (B) U937 cells were treated with 100 μmol/l EX alone or in combination with increasing doses of ABT-737 for 24 hours. Apoptosis was analyzed as above. (A and B) *P < 0.005 versus ABT-737 alone. (C) OCI-AML3 cells were cultured alone or on MSC feeder layers followed by 6 hours of treatment with 100 μmol/l EX alone or in combination with 1 or 3 μmol/l ABT-737. The levels of cytochrome c in the cytosolic fraction were determined by immunoblotting. (D and E) OCI-AML3 cells were cultured as in C and exposed to 100 μmol/l EX for 6 hours. Mitochondrial suspensions were exposed to the indicated concentrations of ABT-737, and the release of AIF (D) and cytochrome c (E) were determined by immunoblot. (F) MOLM-13 cells were cultured alone or on MSC feeder layers and exposed to 50 and 100 μmol/l EX for 6 hours. Mitochondrial suspensions were exposed to 2 μmol/l ABT-737, and the release of cytochrome c and AIF were determined by immunoblot.
in decreased expression of the proapoptotic Bcl-2 family protein Bim, and this effect was partly antagonized by EX in a dose-dependent manner in MOLM13 cells, but not OCI-AML3 cells. Inhibition of FAO did not alter Bcl-2, Mcl-1, Puma, or Bax levels (data not shown). Because decreased expression of Bim may hinder activation of Bax and Bak and subsequent apoptosis (29), we investigated whether OCI-AML3 and MOLM13 cells cultured on MSC feeder layers would be resistant to apoptosis induction by ABT-737 and how 100 μmol/l EX modulated the response of leukemia cells to this BH3 mimetic. We used 100 μmol/l EX because this dose maximally inhibited oxygen consumption without inducing significant apoptosis at 48 hours. Additionally, because we and others have reported that increased p53 levels induce apoptosis via direct and indirect Bcl-2 antagonism (30, 31), we similarly tested the interaction of EX with the MDM-2 antagonist Nutlin 3a under the same conditions. As shown in Figure 3A , OCI-AML3 and MOLM13 cells grown on MSC feeder layers were less sensitive to the proapoptotic effects of ABT-737, which supports the notion that decreased Bim expression and/or the increased FAO observed in coculture opposes the effects of BH3 mimetics. Nevertheless, EX sensitized both leukemia cell types, alone and in coculture, to apoptosis induction by ABT-737, suggesting that FAO per se may antagonize the proapoptotic effects of this agent. In contrast, MSC feeder layers did not significantly decrease apoptosis induction by Nutlin 3a in OCI-AML3 or MOLM13 cells (data not shown), although EX sensitized both cell types grown in monoculture to apoptosis induced by this agent ( Figure 3B) . The above observations suggest that in wild-type p53 cells, FAO inhibition may elicit p53-dependent and -independent responses. Likewise, OCI-AML3 cells treated with ranolazine or siRNA targeting CPT1 were sensitized to apoptosis induction by ABT-737 and Nutlin 3a (Supplemental Figure 10 and Figure 3C ). Because our results suggest that in leukemia cells, fatty acid synthase/lipase inhibition by orlistat affects FAO, we investigated whether this agent could also sensitize leukemia cells to apoptosis induction by ABT-737. As shown in Figure 3D , orlistat sensitized OCI-AML3 cells - alone and in coculture with MSCs - to apoptosis induction by ABT-737, further supporting the notion that de novo synthesized and/or lipolysis-generated free fatty acids support survival in leukemia cells. Finally, although EX treatment did not increase p53 levels (data not shown), EX sensitized OCI-AML3 cells in which the expression of p53 was decreased by shRNA methodology (32) to ABT-737 ( Figure 4A ), which suggests that the proapoptotic effect of EX is independent of p53 activation. Similar sensitization to ABT-737 occurred in U937 cells, which carry a mutated p53 ( Figure 4B ). Taken together, the above results demonstrate, for the first time to our knowledge, that inhibition of FAO sensitizes leukemia cells to ABT-737 and Nutlin 3a and overcomes the protective effect of MSC feeder layers toward the BH3 mimetic.
Inhibition of FAO facilitates mitochondrial permeability transition after ABT-737 treatment. To further investigate the mechanism by which inhibition of FAO sensitizes leukemia cells to ABT-737-induced apoptosis, we monitored the release of cytochrome c in OCI-AML3 cells in monocultures and on MSC feeder layers after 6 hours of exposure to ABT-737 (1 and 3 μmol/l), alone or in combination with 100 μmol/l EX. Figure 4C shows that MSC coculture opposed cytochrome c release in response to ABT-737, and that EX sensitized OCI-AML3 cells (alone or in coculture) to the release of this apoptogenic factor, which suggests that FAO inhibition modulates the mitochondrial permeability transition pore (MPTP). Similar observations were made in monocultures of MOLM13 cells (data not shown). Next, to determine whether the sensitization effect of EX occurs via direct perturbations to the mitochondrial membrane, we isolated mitochondria from OCI-AML3 cells treated with 100 μmol/l EX and resuspended them in hyposmotic buffer, as described in Methods. The mitochondrial suspensions were then exposed to various doses of ABT-737, and the presence of apoptosis-inducing factor (AIF) and cytochrome c in the supernatant fraction was determined by immunoblot. As shown in Figure 4 , D and E, mitochondria obtained from EX-treated OCI-AML3 cells were more susceptible to ABT-737-induced release of AIF and cytochrome c, which suggests that inhibition of FAO may directly sensitize mitochondria to the MPTP. Likewise, mitochondria derived from MOLM13 cells treated with 50 and 100 μmol/l EX - alone or from MSC cocultures - demonstrated increased sensitivity to ABT-737-induced AIF release ( Figure 4F ). Because ceramide can promote mitochondrial apoptosis (33) , and because EX has been reported to increase the levels of ceramide (14), we hypothesized that an increase in ceramide may underlie the mitochondriotoxic effects of EX. However, ceramide content of OCI-AML3 and MOLM13 cells was not significantly altered after treatment with EX (Supplemental Figure 11) . Nonetheless, these data support the notion that inhibition of FAO results in direct perturbations to the mitochondrial membrane that decrease the threshold for MPTP opening.
Inhibition of FAO facilitates Bak and Bax oligomerization.
To investigate whether the observed facilitation of MPTP opening by inhibition of FAO is associated with Bax and Bak oligomerization, mitochondria obtained from OCI-AML3 and MOLM13 cells treated with 100 μmol/l EX for 6 hours in the presence or absence of ABT-737 - alone or in coculture with MSCs - were exposed to the bifunctional crosslinking agent bismaleimidohexane. Immunoblot analysis for Bax and Bak demonstrated that MSC feeder layers inhibited the formation of Bax and Bak dimers after treatment with ABT-737 (Bax 2 and Bak 2, respectively; Figure 5 , A and B), indicating that the antagonism of apoptosis induced by this agent under coculture conditions may be related to decreased oligomerization of these proapoptotic Bcl-2 proteins. Additionally, treatment with EX promoted the ABT-737-dependent formation of Bak dimers, but not Bax dimers, in cells cultured alone, whereas this agent facilitated Bax and Bak dimer formation in cocultured cells treated with ABT-737. Interestingly, our observations also revealed that FAO inhibition in combination with ABT-737 promoted the exposure of the N terminus of Bak decreasing the intramolecular crosslinks between Cys14 and Cys166 that result in a Bak-immunoreactive band with a mobility of about 22-24 kDa (Bak 1 intra). A similar finding was observed by Ruffolo et al. when Bak activation was promoted by t-Bid (34), supporting the conclusion that exposure of the Bak N terminus is a critical step in promoting Bak oligomerization and apoptosis. Because Bim can activate Bak and induce its oligomerization, we investigated whether EX treatment, alone or in combination with ABT-737, increased Bim attachment to the mitochondrial membrane. As shown in Figure 5C , Bim expression was not altered under any condition in MOLM13 cells. In contrast, in OCI-AML3 mitochondria derived from monocultures, ABT-737 or EX - but not their combination - moderately increased the levels of Bim, although no changes in Bim expression were seen in mitochondria from OCI-AML3 cells grown on MSC feeder layers. This observation suggests that the observed decrease in Bim expression in whole cell extracts ( Figure  2D ) does not result in decreased expression of this proapoptotic protein in the mitochondrial fraction. No changes in the expression of Bcl-2 were observed. These data suggest that sensitization to ABT-737 by FAO inhibition is likely not dependent on changes in the subcellular localization of Bim or Bcl-2; instead, EX may sensitize cells to MPTP opening via direct effect on Bak activation, which in turn may facilitate the observed oligomerization of Bax in leukemia cells cultured on MSC feeder layers.
Inhibition of FAO enhances the therapeutic efficacy of ABT-737 and Ara-C in a murine model of human AML. To determine whether EX could
potentiate the antileukemic effects of ABT-737 in vivo, we conducted an experiment in nude mice xenotransplanted with GFP/luciferase-bearing MOLM13 human leukemia cells. At 2 weeks after leukemia transplantation, mice were randomized and treated with liposomal ABT-737 (i.v. 20 mg/kg, every other day for 3 weeks), EX (i.p. 50 mg/kg every other day for 3 weeks), ABT-737 in combination with EX, or empty liposomes i.v. as a control. Engraftment of MOLM13 cells was evidenced by immunohistochemical detection of GFP + cells in the spleens of control mice 5 weeks after xenotransplantation ( Figure 6A ). Notably, although control and EX-treated mice demonstrated progressive increase in leukemiaderived bioluminescence, mice treated with ABT-737, and to a greater extent those treated with ABT-737 plus EX, appeared to resist tumor burden progression ( Figure 6B ). In addition, quantitation of leukemia-derived bioluminescence demonstrated that mice treated with ABT-737 plus EX had significantly lower leukemia burden than did control or ABT-737-treated mice (P < 0.00001; Figure 6C ). Most importantly, however, the combination of ABT-737 with EX significantly prolonged median survival by 33%, from 24 days after start of treatment in the control group to 33 days (P < 0.005, Log-rank [Mantel-Cox] test; Figure 6D ). Neither ABT737 nor EX alone was able to significantly prolong median survival (ABT73, 27.5 days, P = 0.081; EX, 23 days, P = 0.996) compared with untreated control. At 33 days' median survival, ABT-737 plus EX was also significantly more efficacious than each agent alone (EX, 23 days; P < 0.001; ABT-737, 27.5 days; P < 0.05).
Finally, although our in vitro results indicated that EX did not potentiate the cytotoxic effects of Ara-C (data not shown), we investigated whether EX could favorably interact with Ara-C in our murine model of leukemia. As shown in Figure 7A , the combination of EX with Ara-C significantly prolonged the median survival by 67% - from 27 days after start of treatment in the control group to 45 days (P < 0.0001, Log-rank [Mantel-Cox] test). Ara-C plus EX also provided a significant therapeutic benefit over Ara-C alone (Ara-C plus EX, 45 days; Ara-C, 32.5 days; P < 0.0001). Likewise, Ara-C plus EX was most effective in decreasing leukemia burden, as monitored by bioluminescence imaging (P < 0.0001 versus Ara-C alone; Figure 7 , B and C). It bears mentioning that the cause of death of MOLM13-bearing mice treated with EX and ABT-737 or EX and Ara-C was most likely associated with disease progression (as evidenced by leukemia infiltration of liver and spleen; data not shown), leaving the following 2 possibilities: (a) that this regimen is not curative, or (b) that the 3-week treatment duration is insufficient. Nevertheless, the above results demonstrate that pharmacological inhibition of FAO in combination with ABT-737 or Ara-C synergistically decreases tumor burden and prolongs survival of nude mice engrafted with human leukemia suggesting the potential clinical utility of this regimen.
Inhibition of FAO can decrease the number of QLPs ex vivo.
QLPs are of ominous importance in AML therapy because in most primary samples, these cells have the ability to initiate leukemia in NOD/ SCID mouse models (35) . Moreover, we have observed that these cells are resistant to traditional chemotherapeutic agents used in AML treatment (36) . A priori we hypothesized that EX and ranolazine should target highly proliferative cells over QLP cells, because our in vitro models are representative of highly proliferative cells that may rely in large part on increased Krebs cycle activity and continuous oxygen reduction for survival. To test this hypothesis, we collected samples from patients with primary AML and chronic myelogenous leukemia (CML) via peripheral blood draws and bone marrow aspirates and loaded them with the cell tracing reagent CFSE. Patient characteristics are listed in Table 1 ; note that sample I, initially diagnosed as CML, was rediagnosed as acute lymphoblastic leukemia (ALL). CFSE is cell permeable; upon removal of the acetate moieties by intracellular esterases, this agent reacts with intracellular amines, forming stable, fluorescent adducts that decrease proportionally to cell division, allowing the flow cytometric identification of quiescent/slowly proliferating cell populations (CFSE hi ). After staining with CFSE, samples were cultured for 5 days alone or in the presence of increasing concentrations of EX or ranolazine; in some samples, ABT-737 was added 20 hours prior to harvest. At the end of the experiment, absolute numbers of viable CFSE hi CD34 + cells were quantitated by flow cytometry. As shown in Figure 8A , 3 of 8 samples demonstrated decreases in CFSE hi CD34 + cells with 50 μmol/l EX treatment, 5 of 8 demonstrated decreased CFSE hi CD34 + cells with 100 μmol/l EX treatment, and 1 sample did not respond to treatment with 200 μmol/l of this agent. Supplemental Figure 12 shows representative histograms of CFSE intensity gated on viable CD34 + cells: depending on the sample, EX decreased quiescent cells (sample H); decreased quiescent and proliferating cells (sample G); decreased proliferating, but not quiescent, cells (samples J and C); or failed to target either quiescent or proliferating cells (sample E). We did not observe an increase in the number of proliferating cells after treatment with EX in any sample examined (data not shown). Treatment with 50 nmol/l ABT-737 for 20 hours prior to harvest was very effective in decreasing CFSE hi CD34 + cells in all samples ( Figure 8B ). In 5 of 8 samples, the combination of 100 μmol/l EX and ABT-737 was more effective than each agent alone ( Figure 8B) . Additionally, in a separate experiment, we observed that ranolazine also decreased the number of viable CFSE hi CD34 + cells in 1 ALL sample that was sensitive to EX (sample I; Figure 8C ), although this agent was ineffective in 1 refractory anemia with excess blasts sample that was also resistant to EX (sample J; Figure 8C ), which supports the notion that both agents induce cytotoxicity in quiescent cells via a similar mechanism. Of note, EX failed to decrease the number of quiescent cells in 2 CML samples (samples K and M) and 1 chronic myelomonocytic leukemia (CMML) sample (sample L) investigated ( Figure 8D) ; in sample L, this agent actually increased the number of CFSE hi cells, which suggests that FAO inhibition in certain CML samples may block the progression from quiescence to proliferation (see Supplemental Figure 13 for the CFSE histogram of sample L). Because the mechanisms by which EX enhances Ara-C efficacy in vivo remain elusive, we also investigated whether the combination of these 2 agents targets CFSE hi CD34 + cells in AML. As shown in Figure 8E , CFSE hi CD34 + cells from all AML samples examined were resistant to the cytotoxic effects of Ara-C, and 2 samples in which CFSE hi CD34 + cells were resistant to the cytotoxic effects of EX (samples N and Q) remained resistant to the combination of Ara-C and EX. In contrast, only 1 sample contained CFSE lo CD34 + cells resistant to the cytotoxic effects of Ara-C, and EX did not overcome this phenotype. Finally, we observed that EX also decreased the number of viable normal quiescent CD34 + progenitors ex vivo (Supplemental Figure 14) , which needs to be further investigated. Taken together, the above results suggest that FAO inhibitors have the potential to target QLP cells in AML, although the mechanisms for this effect remain to be elucidated.
Discussion
In a review published in 1956, Otto Warburg advanced the hypothesis that the respiration of cancer cells was damaged, resulting in a proglycolytic phenotype in the presence of oxygen (1) . The abolition of the Pasteur effect (the inhibition of lactate generation in the presence of oxygen) in tumors became known as the Warburg effect. However, for several decades, the search for permanent, transmissible injuries to mitochondrial respiration that could support Warburg's hypothesis has not yielded any convincing results.
Interestingly, recent observations suggest that in leukemia cells, the Warburg effect can be orchestrated not by mitochondrial damage per se, but instead by increasing the proton conductance of mitochondria, essentially uncoupling the synthesis of ATP from electron transport and oxygen consumption (2) . In addition, high rates of aerobic glycolysis can occur independently of mitochondrial dysfunction (reviewed in ref. 37) . Notably, mitochondrial uncoupling is characterized by decreased entry of pyruvate into the Krebs cycle in the presence of persistent oxygen consumption, possibly suggesting a shift to the oxidation of other carbon sources (38) . Moreover, mitochondrial uncoupling has been demonstrated to promote FAO (39); conversely, FAO has been shown to induce mitochondrial uncoupling (40) , at least in part via feed-forward activation of PPARα-regulated UCP3 (41) . It is thus tempting to speculate that mitochondrial uncoupling in leukemia cells may represent a shift to unregulated FAO.
Here we present evidence to suggest that FAO largely supports oxygen consumption in leukemia cells and that this process is uncoupled from oxidative phosphorylation. This constrains leukemia cells to glucose metabolism for their energy needs. Of note, this metabolic constraint for the generation of ATP has contributed to the success of antiglycolytic agents as cancer chemotherapeutics (reviewed in ref. 42 ). Our results also suggest that MSC feeder layers augment this metabolic pattern, at least in part via increased dependence on de novo FAS, as well as by the previously reported activation of UCP2 expression (2) . Interestingly, pharmacological FAO inhibitors, which promote glucose oxidation in the heart (20), did not promote pyruvate oxidation in leukemia cells. Instead, these inhibitors increased the amount of lactate generated by leukemia cells. Because pyruvate may serve as an anaplerotic substrate to support the oxidation of fatty acid-derived acetyl-CoA (9), inhibition of FAO may also decrease anaplerotic flux through pyruvate carboxylation. In addition, it is likely that the apparent increase in glycolytic activity induced by EX is an adaptive mechanism to maintain ATP production in the face of reduced PDH activity (Supplemental Figure 3) . Nevertheless, our results suggest that leukemia cells are prone to oxidize fatty acids, but not pyruvate, via mitochondrial pathways.
Our results also demonstrated that pharmacological or genetic means of abolishing FAO sensitized leukemia cells to the proapoptotic effects of agents that directly activate the intrinsic apoptotic pathway, namely ABT-737 and Nutlin 3a. By extension of our metabolic observations, a similar sensitizing effect was observed in cells treated with the fatty acid synthase/lipase inhibitor orlistat, which supports the notion that de novo synthesized and/or lipolysis-generated free fatty acids are essential to support leukemia cell survival. Mechanistically, this was associated with a sensitization effect toward MPTP opening, because mitochondria isolated from cells treated with EX were more prone to the release of AIF and cytochrome c. It is important to point out that although leukemia cells grown on MSC feeder layers demonstrated reduced levels of Bim expression in whole cell extracts, we did not detect significant differences in Bim levels at the mitochondrial level before or after treatment with EX. Moreover, our results suggest that the facilitation of MPTP opening was promoted by increased exposure of the N terminus and dimerization of Bak, supporting a model in which inhibition of FAO results in perturbations to the mitochondrial membrane that result in enhanced activation of Bak by Bim and/or decreased sequestration of Bak by Bcl-2 or Mcl-1 (43) . Although direct perturbations to the mitochondrial membrane by inhibition of FAO - via accumulation of ceramide (14, 33) or free fatty acids (44) - could be a proposed mechanism for the observed effects, our data suggest that EX does not lead to ceramide or long-chain fatty acyl-CoA accumulation in leukemia cells. Alternatively, it is conceivable that inhibition of mitochondrial FAO may result in increased generation of toxic dicarboxylic acids via microsomal ω-oxidation of excess fatty acids (45) . Nevertheless, the synergism between orlistat (which does not promote ceramide or palmitate accumulation) and ABT-737 or Nutlin 3a motivates us to contemplate the possibility that fatty acid entry and/or FAO in mitochondria may ipso facto be involved in the regulation of the Bcl-2 apoptotic rheostat in leukemia cells. This last notion is supported by the previous observations that CPT-1 interacts with t-Bid (16) and with Bcl-2 (17), although the contributions of CPT-1 activity to t-Bid-induced apoptosis remain to be determined. Additional experiments will be required to address the significance of these interactions in the activation of the MPTP.
Our observations also demonstrated that inhibition of FAO had a marked antiproliferative effect - associated in part with apoptosis induction - in leukemia cells. Although the mechanisms orchestrating this phenomenon remain to be investigated, it appears unlikely to be mediated by p53 activation or ceramide accumulation, potentially suggesting instead that reduced Krebs cycle flux or decreased intramitochondrial NADH pools are contributing factors (46) . Curiously, both EX and ranolazine decreased QLPs in approximately 50% of AML samples, which suggests that FAO may support the maintenance of these leukemia-initiating cells. The therapeutic relevance of these in vitro effects is not obvious in our in vivo leukemia model, in which EX alone had no significant effect on leukemia burden or survival. Additionally, the mechanism by which EX and Ara-C provided a therapeutic effect in vivo without demonstrating synergy in vitro is still unresolved. Nevertheless, our observations that genetic or pharmacological inhibition of FAO sensitized leukemia cells to ABT-737 and Nutlin 3a, and that EX provided a therapeutic benefit in a murine model of human leukemia in combination with ABT-737 or Ara-C, generate proof of principle that FAO can be a bona fide target for sensitizing hematological malignancies to agents that activate the intrinsic apoptotic pathway.
In conclusion, our results lead to 2 hypotheses. The first is that leukemia cells oxidize fatty acids. Uncoupling of oxidative phosphorylation promotes a shift of ATP production from FAO to glycolysis. Second, our data support the notion that this metabolic adaptation in leukemias is fundamentally linked to the Bcl-2 apoptotic rheostat and can be targeted for therapeutic intervention. Although the precise mechanism by which FAO inhibitors provide a therapeutic benefit in combination with ABT-737 or Ara-C in murine models of leukemia remain to be elucidated, we propose that modulation of fatty acid metabolism may represent a novel strategy for the treatment of hematological malignancies.
Methods
Primary leukemia samples. Bone marrow or peripheral blood samples were obtained for in vitro studies from patients with AML or CML. Samples were collected during routine diagnostic procedures after informed consent was obtained; protocols for studies in humans were approved by the Human Subjects Committee of the University of Texas M.D. Anderson Cancer Center. Mononuclear cells were separated by Ficoll-Hypaque (Sigma-Aldrich) density gradient centrifugation.
Murine leukemia model. All studies in mice were reviewed and approved by the University of Texas M.D. Anderson Cancer Center IACUC. Via tail vein injection, we transplanted 5-week-old 01B74 athymic nude (nu/nu) mice (NCI) with 2 × 10 6 MOLM13 cells stably expressing a dual Renilla luciferase-GFP reporter. At 2 weeks after xenotransplantation, mice were randomized into 4 treatment groups of 9 mice per group and treated as follows: liposomal ABT-737 (20 mg/kg i.v. every other day for 3 weeks), EX (50 mg/kg i.p. every other day for 3 weeks), ABT-737 plus EX, or empty liposomes as a control. In a separate experiment, xenotransplanted mice were randomized into 4 treatment groups of 8 mice per group and treated as follows: Ara-C (100 mg/kg i.p. every other day for 3 weeks), EX (50 mg/kg i.p. every other day for 3 weeks), Ara-C plus EX, or untreated control. Leukemia burden was monitored by noninvasive imaging of isoflurane-anesthetized mice injected i.p. with luciferin in the In vivo Imaging System (Xenogen/Caliper Life Sciences), with total imaging time of 1 minute. Mice were sacrificed when they became moribund or unable to obtain food or water according to IACUC policies. In addition, 3 randomly assigned mice per group were sacrificed on day 35 after xenotransplantation for assessment of engraftment by GFP immunohistochemical staining. Survival was estimated with the product-limit estimator of Kaplan and Meier, and the log-rank statistic was used to test for differences in survival distributions between groups. To verify engraftment of MOLM13 cells, mice were randomly chosen from the control groups and sacrificed, and the presence of MOLM13 cells in the liver and spleen was assessed by immunohistochemistry.
Flow cytometric determination of CFSE hi CD34 + leukemia progenitors. Freshly isolated peripheral blood or bone marrow samples from leukemia patients were washed in PBS and resuspended in serum-free RPMI containing 1 μmol/l CFSE (Invitrogen). Samples were incubated for 10 minutes at 37°C, washed twice in RPMI supplemented with 10% fetal calf serum, and resuspended at a cell density of 1 × 10 6 cells/ml. As a control for quiescent cells, samples were treated with colcemid (100 ng/ml; Invitrogen). After treatments, cells were resuspended in 100 μl Annexin binding buffer (140 mM NaCl, 10 mM KH2PO4, and 5 mM CaCl2, pH 7.4) containing 5 μg/ml 7-amino actinomycin D (7-AAD; Sigma Aldrich), a 1:100 dilution of CD34-APC (BD Biosciences), and 20,000 CountBright flow cytometry counting beads (Invitrogen). After 15 minutes of incubation at room temperature, samples were analyzed by flow cytometry gating on live cells by forward and side scatter as well as 7-AAD negativity. Absolute numbers of CFSE hi (as determined by CFSE signal from colcemid control) and CD34 + cells are reported.
Cell lines, chemicals, and biochemicals. OCI-AML3, MOLM13, HL60, U937, OCI-AML3 vector shRNA, and OCI-AML3 p53 shRNA cells were maintained in RPMI supplemented with 5% fetal calf serum, 1% glutamine, 100 U/ml penicillin, and 100 μg/ml streptomycin in a 37°C incubator containing 5% CO2. OCI-AML3 vector shRNA and OCI-AML3 p53 shRNA are stable clones of the OCI-AML3 cells that carry an empty shRNA-expressing vector and the same vector expressing a p53-targeted shRNA, respectively (32) . EX and ranolazine were obtained from Sigma-Aldrich and dissolved in water. ABT-737 was synthesized at University of Texas M.D. Anderson Cancer Center based on the previously published structure (47) and dissolved in DMSO.
Leukemia-stroma coculture. MSCs were derived from normal bone marrow samples obtained with informed consent in accordance with regulations and protocols approved by the Human Subjects Committee of the University of Texas M.D. Anderson Cancer Center. MSCs were cultured at a density of 1-5 × 10 4 cells/cm 2 in Mesenpro medium (Invitrogen), then seeded as feeder layers at 1.5 × 10 4 cells/1.9 cm 2 in 24-well plates or T-75 flasks in RPMI medium 16 hours before addition of 2 × 10 5 cells/ml (for 48- to 96-hour experiments) or 5 × 10 5 cells/ml (for all other experiments) MOLM13 or OCI-AML3 cells, or 1 × 10 6 primary leukemia cells/ml, in 1 ml fresh RPMI medium. Cocultures were incubated for an additional separation) and from single culture were centrifuged and rinsed with icecold saline. Cells were fixed in 10 ml ice-cold methanol with constant vortexing, followed by the sequential addition of 10 ml ice-cold chloroform and 10 ml ice-cold deionized water. After phase separation and solvent removal, the lipid fraction was reconstituted in deuterated chloroform (lipid phase). 13 C spectra were acquired as previously described (50) . A representative spectra from 3 independent experiments is shown.
Measurement of ceramides, long-chain fatty acyl CoA, and oleate oxidation. See Supplemental Methods.
Statistics. Unless otherwise indicated, results are expressed as mean ± SD of 3 independent experiments. For immunoblot analyses, a representative immunoblot from 4 independent experiments is shown. P values were determined by 1-way ANOVA followed by F statistics. A P value less than 0.05 was considered significant.
